A correlation is known to exist in yeast and other organisms between the cellular resistance to stress and the life span. The aim of this study was to examine whether stress treatment does affect the generative life span of yeast cells. Both heat shock (38°C, 30 min) and osmotic stress (0.3 M NaCl, 1 h) applied cyclically were found to increase the mean and maximum life span of Saccharomyces cerevisiae. Both effects were more pronounced in superoxide dismutase-deficient yeast strains (up to 50% prolongation of mean life span and up to 30% prolongation of maximum life span) than in their wild-type counterparts. These data point to the importance of the antioxidant barrier in the stress-induced prolongation of yeast life span.
. It seems therefore plausible that also in the yeast some genetic determinants of longevity are strictly connected with the antioxidant status of the cell.
Previously we have shown that deficiencies in superoxide dismutases (Wawryn et al., 1999) result in an almost threefold shortening of the life span of individual yeast cells. These mutant cells are known to be hypersensitive to various types of oxidative stress (Biliñski et al., 1985; VanLoon et al., 1986) . The deficiencies in these enzymes, constituting the first line of defense against oxidative stress, lead to increased levels of reactive oxygen species which result in intracellular damage or even in cell death.
Cells respond to various mild, but potentially dangerous, external factors by developing resistance which extends also to more severe treatments. For example, in yeast a rapid rise of temperature from 22°C to 37°C results in development of tolerance of 30 min exposition to 48°C, at which the untreated cells are killed. Acquirement of resistance is a consequence of synthesis of various sets of proteins whose presence makes possible survival when stressing factors reach the lethal level. During heat shock, expression of many yeast genes depends on activation of heat shock factor (Hsf1), which is bound to heat shock element (HSE) of the promoters of numerous stress inducible genes. The promoters of other genes responding to numerous stress inducing factors, like high osmolarity, starvation or oxidants, possess stress response elements (STRE) (Wieser et al., 1991) sequences, different from HSE (Martinez-Pastor et al., 1996) . It seems likely that the list of promoter sequences and transcription factors connected with response to stress is incomplete (Seymour & Piper, 1999) . Interestingly, to the factors which induce the response to stress belong also reactive oxygen species, like hydrogen peroxide, and superoxide generating chemicals (menadione and paraquat) (Lee et al., 1995) .
In yeast, the number of genes whose expression is induced after various stress treatments is not identical and their spectrum depends on the type of the stressing factor. As a consequence, although the cells acquire resistance principally to the stressing factor to which they were exposed, they become also partly resistant to other stressing factors. Heat shock increases tolerance of most types of stress. Some of the genes induced by heat shock are involved in protection of cells against oxidative stress. This is understandable because oxygen is involved in heat induced killing of yeast cells (Davidson et al., 1996) . It has been reported that genes coding for three antioxidant proteins: catalase T (Wieser et al., 1991) , mitochondrial superoxide dismutase (MnSOD) (Costa et al., 1993) and thioredoxin peroxidase (Lee & Park, 1998) are induced by heat shock. At least two of them, catalase T (Wieser et al., 1991) and MnSOD (Flattery-O'Brien et al., 1997) possess the STRE sequence in their promoters. The protective role of these proteins under stress conditions has been documented (Costa et al., 1993; Lee & Park, 1998) , although the role of catalases is less evident except in the case of hydrogen peroxide treatment (Biliñski et al., 1985; Wieser et al., 1991) .
Thus, apparently not only oxidative stress but also the other two types of stress could influence the life span of yeast cells, especially of those whose life span is shortened as a consequence of deficiencies in various antioxidant mechanisms. In fact, a correlation between stress resistance and replicative life span of various yeast strains has been observed (Kennedy et al., 1995) . A similar correlation was also found between resistance of skin fibroblasts to oxidative, chemical and alkaline stress and life span of eight mammalian species (Kapahi et al., 1999) .
The aim of the present study was to examine whether a relationship does also exist, i.e. whether exposure of yeast mutants deficient in antioxidant enzymes and wild-type yeast to thermal and osmotic stresses affects their life span. While this study was in progress, results demonstrating that heat shock applied during the early divisions of S. cerevisiae cells increases their life span, have been published (Shama et al., 1998a, b) . However, the present study deals with several further questions concerning this problem, viz. (i) the effect of different procedure of shock treatment (cyclically repeated shock) on the replicative life span of S. cerevisiae, (ii) comparison of the effects of heat shock and osmotic stress, and (iii) comparison of the effect of stress on wild-type yeast strains and on yeast mutants deficient in superoxide dismutase.
MATERIALS AND METHODS
Yeast strains. The following yeast strains were used: wild-type SP-4 (MATa leu1 arg4) (Biliñski et al., 1978) , strain DSCD1-1C devoid of CuZnSOD (strain MATa leu1 arg4 sod1) isogenic to SP-4 (Biliñski et al., 1985) , strain devoid of MnSOD, 112, 372 ,328 lac2, sod2# LEU) and its isogenic parent strain DL 1 (MATa leu2-3,112, his3-11,15 ura3-251, 372,328 lac2) (VanLoon et al., 1986) , both obtained from Dr. G. Schatz (Biozentrum, Basel), a segregant DSCD6-6B (MATa ura3 sod1 sod2) deficient in both superoxide dismutases obtained from the cross between MnSOD-and a strain isogenic to DSCD1-1C, bearing sod1 mutation, and DSCD6-6BR (MATa ura3 SOD1 sod2), a revertant of the former strain deficient only in MnSOD. Media and growth conditions. Yeast were grown in a standard liquid YPGlucose medium (1% Difco Yeast Extract, 1% Yeast Bacto-Peptone, 2% glucose) on a rotary shaker for about 20 h at 28°C until the logarithmic phase was attained (1-5´10 7 cells/ml), and
were then transferred to a solid medium containing 2% agar (Difco). The replicative life span was determined according to Kim et al. (1999) on cells placed on agar plates. Briefly, a fresh bud was isolated by a micromanipulator and formation of successive buds by such a virgin cell was monitored, each appearing bud being removed using a Narishige MO-202 hydraulic micromanipulator. The number of buds formed by each cell was referred to as its generative life span ( Fig. 1 ). At variance with the original protocol, the plates were not placed overnight in a refrigerator, to avoid the stress caused by cooling and warming.
Treatment of cells in liquid medium. Samples of logarithmic cultures of yeast cells in liquid media were subjected to three types of stress: heat, osmotic shock or ethanol. The cells were heat-stressed by a rapid temperature shift from 22°C to 38°C for 30 min in a water bath. After 3 h of subsequent cultivation at 22°C the samples were divided into two parts, one of which was subjected to a second heat shock. The procedure was repeated after another 3 h of cultivation. Osmotic stress was induced by addition of NaCl solution to a final Vol. 47 Stress and yeast life span 357 A bud is separated and after maturation constitutes a virgin cell. Divisions of this cell are recorded, descendant buds being removed and discarded. Maximal number of divisions is the generative life span of the yeast cell.
concentration of 0.3 M at which the cells were maintained for 1 h. Alternatively, the cells were treated with 8% ethanol and incubated for 1 h. After the stress treatment, the cell cultures were centrifuged, the cells were suspended in 50 mM phosphate buffer, pH 6.8, containing appropriate concentrations of menadione, and incubated for 1 h at 22°C. Then the cell suspensions were diluted with the same buffer to a density of 10 3 /ml, plated on agar and their survival was determined by colony counting. The sensitivity of the yeast to oxygen was determined after exposure of 100 ml of yeast suspension (10 3 cells/ml) on Petri dishes to 100% oxygen for 1 or 2 h. Then the cells were kept for 2 days under the atmosphere of air and the number of colonies formed by the surviving cells was counted.
Catalase activity was estimated spectrophotometrically (Beers & Sizer, 1952) and referred to the cell density estimated by measurement of turbidity of yeast cultures at 700 nm. Treatment of cells on solid medium. Control and stressed cells were analyzed strictly in parallel. Initial cultures were divided into two groups of virgin cells randomly selected from the same plate. Heat shock was applied by heating one half of Petri dishes in a water bath at 37°C for 30 min; then the temperature was lowered to 23°C. The control Petri dishes were kept throughout at 23°C. The heating was repeated after a time corresponding to about two generations, i.e. every 3 h for the wild-type strains (SP-4 and DL 1) and every 5 h for the remaining strains.
Osmotic stress was performed cyclically at a constant temperature of 28°C, by transfering single cells to the medium supplemented with 0.3 M NaCl. After 60 min of incubation the cells were transferred to the standard medium for two generations (3 h and 5 h, respectively), and the stress treatment was repeated. Control cells were grown permanently on the standard medium.
Statistics. Unless stated otherwise, the data presented are means ± confidence intervals from at least three independent experiments, each comprising measurements of at least 20 cells, unless stated otherwise. Confidence intervals were calculated assuming the Student's distribution of data for P = 0.05. Statistical significance of differences was estimated using the Students' t-test after assessment of the lack of significance of variances with the Snedecore's "F" test.
RESULTS AND DISCUSSION
Heat, ethanol and hyperosmotic medium were chosen in this study as stressing factors. Since the CuZnSOD-deficient strain DSCD1-1C shows a significantly higher sensitivity to superoxide-generating agents, than the other strains tested, it was chosen for studying the protective effects of stress treatment with respect to subsequent exposure to increased intracellular superoxide flux. The results shown in Fig. 2 indicate that, in liquid medium, all types of the applied stress treatment increased significantly the resistance of yeast to pure oxygen and menadione, a superoxidegenerating redox cycling compound. Heat shock was most effective, and since the effects of ethanol stress were similar to those of osmotic stress (Meaden et al., 1999) , ethanol stress was excluded from further experiments.
Catalase T is a protein which is synthesized under the control of the STRE promoter (Wieser et al., 1991) , therefore it was chosen as a marker of the response to stress. Both heat shock and osmotic stress augmented catalase T activity of yeast cells, the effect of osmotic stress being stronger (Fig. 3) . It is noteworthy that the elevation of catalase activity was transient and repeated heat shocks were necessary to maintain the increased enzyme level.
Enhancement by heat and osmotic stress of the ability of yeast to cope with oxidative stress prompted us to examine the effect of stress on the life span of yeast. We investigated several strains deficient in superoxide dismutases (SOD) as well as their standard counterparts of basically identical genetic background. We expected that the most pronounced differences would be observed in the SOD-deficient cells, in which the levels of antioxidant enzymes (other than SOD) and repair systems are consistently higher than in those cells which divide under non-stressing conditions. Taking into account that antioxidative capacity of cells acquired after stress treatment drops down during subsequent cell divisions under non-stressing conditions we assumed that it will be necessary to repeat several times the exposure of cells to stress to keep the protective mechanisms at the highest level during the life span of a cell. Therefore, the experimental procedures differed slightly from those used in our previous experiments and in the experiments of other authors (Shama et al., 1998a, b) .
The life span of all the six strains studied was prolonged by heat treatment (Fig. 4) . A similar though less pronounced effect was observed after osmotic stress (Fig. 5) . The effects were, as expected, stronger for the SOD-deficient than for the wild-type strains; the mean life span of the DL 1 strain was not prolonged by heat shock although the maximal life span was somewhat extended (Fig. 4) . The opposite was true for the effect of osmotic stress on the life span of SP-4 strain (Fig. 5) .
The effect of stress on yeast survival is well visible on differential plots in which mean val- Vol. 47 Stress and yeast life span 359 Cells were subjected to stress in liquid medium, then exposed to oxygen or treated with menadione as described under Materials and Methods. The survival was determined by colony forming on agar plates. Data from a representative experiment are shown. Cells were subjected to stress in a liquid medium and catalase activity was estimated immediately after the stress treatment. Data from a representative experiment are shown.
ues of survival of non-stressed cells were subtracted from mean values of survival of the cells subjected to stress treatment (Fig. 6 ). These plots demonstrate that the effect of stress is especially evident in the late phase of generative life. While the effects of stress treatment are definitely beneficial for SOD-deficient strains, except for the initial negative effect of osmotic stress on the MnSOD-strain ( Fig. 6b and d) , osmotic stress initially decreases survival of the SP-4 strain (Fig. 6a) while heat shock has mostly a negative effect on the survival of DL 1 strain which turns into a positive one in the very last period of generative life span (Fig. 6c) . The effect of heat shock on the life span of S. cerevisiae has been recently reported by Shama et al. (1998a, b) . The common conclusion from those and our studies is that heat shock can prolong the life span of yeast cells. However, there are some differences between the results obtained. Shama et al. (1998b) observed beneficial effects of heat shock when applied during the 1st and 4th generations and when the duration of the two heat shocks exceeded 2 h. When 1-h heat shock was applied on a daily basis, a shortening of life span was observed. On the other hand, our experi- mental conditions involved repetition of stresses every two generations throughout the experiment. However, in our hands an experimental protocol similar to that of Shama et al. (1998) (heat shock during the 1st and 4th generations) did not affect significantly the life span of DL 1 and MnSOD-strains (Table 1).
Reasons underlying the discrepancy of these results are unclear. They could be due to differences in the genetic background of the strains employed, though we used two groups of strains of different background and both of them behaved in a similar way. Another difference concerns the methodology of life span determination. Our attitude consisted in constant monitoring of cell divisions, without placing the cells in a refrigerator overnight. We were afraid that such a treatment, though undoubtedly more convenient for an investigator, involves for the cells a stress of temperature change, undesirable especially in experiments on heat shock. Irrespective of the discrepancies, our results confirm that heat shock may prolong the life span of yeast cells and demonstrate that osmotic stress has the same effect.
Obvious candidates for mediation of the beneficial effects of shock on yeast life span are the heat shock proteins. Those proteins may facilitate repair or removal of damaged protein molecules. If the mechanisms of aging include accumulation of malformed macromolecules, prevention of this effect by heat shock Vol. 47 Stress and yeast life span 361 proteins may be of importance. Alternatively, shock treatment may enhance the transcription of longevity-assurance genes. The evidence by other authors suggests the involvement of HSP104, RAS1 and RAS2 in the effect of heat shock on yeast life span (Shama et al., 1998a, b) . Mean values of survival of control cells (not subjected to stress) were subtracted from mean values of survival after stress treatment. in the life span prolongation appears plausible in view of the evidence that the action of various types of stress is mediated by oxidative stress (Costa et al., 1993; Davidson et al., 1996; Lee & Park, 1998) . The increase in catalase activity is among the obvious effects of stress (Fig. 2) but it seems improbable that induction of catalase contributes to the increased life span of yeast as catalase deficiency was shown not to affect its life span (Wawryn et al., 1999) . MnSOD gene is also under the control of the STRE sequence (Flattery-O'Brien et al., 1997) but life span prolongation has been observed also in the MnSOD-deficient strains (Figs. 3 and 4) . It cannot be excluded, however, that other elements of the antioxidative defense which bring about increased resistance to oxidative stress contribute to the increased life span of the yeast (Fig. 1) . Elevation of glutathione content (Jaruga et al., 1995) and thioredoxin peroxidase activity (Lee & Park, 1998) were observed in yeast subjected to a single heat shock, although such effects could be strain-dependent (Costa et al., 1993 , Jaruga et al., 1995 . The question of mechanisms underlying prolongation of life span of the yeast cells (and possibly of other organisms) by stress treatment and the possible role of the antioxidant barrier in this phenomenon undoubtedly deserves further studies.
